In this study, we analyzed the expression of the structural genes encoding the five enzymes comprising the Leloir pathway of D-galactose catabolism in the industrial cell factory Penicillium chrysogenum on various carbon sources. The genome of P. chrysogenum contains a putative galactokinase gene at the annotated locus Pc13g10140, the product of which shows strong structural similarity to yeast galactokinase that was expressed on lactose and D-galactose only. The expression profile of the galactose-1-phosphate uridylyl transferase gene at annotated locus Pc15g00140 was essentially similar to that of galactokinase. This is in contrast to the results from other fungi such as Aspergillus nidulans, Trichoderma reesei and A. niger, where the ortholog galactokinase and galactose-1-phosphate uridylyl transferase genes were constitutively expressed. As for the UDP-galactose-4-epimerase encoding gene, five candidates were identified. We could not detect Pc16g12790, Pc21g12170 and Pc20g06140 expression on any of the carbon sources tested, while for the other two loci (Pc21g10370 and Pc18g01080) transcripts were clearly observed under all tested conditions. Like the 4-epimerase specified at locus Pc21g10370, the other two structural Leloir pathway genes -UDP-glucose pyrophosphorylase (Pc21g12790) and phosphoglucomutase (Pc18g01390) -were expressed constitutively at high levels as can be expected from their indispensable function in fungal cell wall formation.
INTRODUCTION
Lignocellulosic plant biomass is the most abundantly available organic raw material in nature. It is composed of cellulose, hemicellulose and pectin (recently reviewed in [8] ). Hemicellulose can further be divided into three principal classes of polymers: xylan, mannan and xyloglucan [10] . D-galactose (NB. The C-4 epimer of D-glucose) is the only constituent monosaccharide common to all three classes, and is also present in important pectic polymers [33] . In depth knowledge about microbial enzyme systems involved in D-galactose release from plant biomass and its subsequent uptake and catabolism is of considerable industrial and environmental interest [4] .
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Ascomycete filamentous fungi are traditionally deemed superior to any other group of microorganisms in the biodegradation of lignocellulose due to their broad range of plant cell wall degrading enzyme activities and their protein secretion capabilities. Many of these fungal enzymes are operational under extreme environmental and industrial cultivation conditions such as high temperature, extremes of pH, high salt concentrations or high pressure. Strains of Penicillium chrysogenum (species complex P. chrysogenum sensu lato, phylogenetic species P. rubens - [21] ) have been exploited and continuously improved for the industrial production of penicillin and structurally related antibiotics from the Second World War onwards (for a recent review, see [31] ). More recently, they are increasingly appreciated as efficient production platforms for a variety of hydrolysing enzyme cocktails of fungal origin on cheap agro-industrial residues and (other) abundantly available plant matter [36] . Nevertheless, little is known about the downstream metabolism of D-galactose and other monomeric lignocellulose contents fueling this widely applied fungal cell factory.
The Leloir pathway of D-galactose catabolism ( Fig. 1 ) is ubiquitous in prokaryotic and eukaryotic cells (for a review, see [19] ). It is comprised of an ATP-dependent galactokinase (EC 2.7.1.6) that catalyzes the formation of D-galactose-1-phosphate, which is subsequently converted to UDP-galactose by D-galactose-1-phosphate uridylyl transferase (EC 2.7.7.12) using UDP-glucose as the donor and yielding D-glucose 1-phosphate as the second product. Next, UDP-galactose is epimerized into UDPglucose by UDP-galactose-4-epimerase (EC 5.1.3.2) to recycle the co-factor. To complete the catabolisation of the D-galactose carbon source, UDP-glucose and glucose-1-phosphate are interconverted by UDP-glucose pyrophosphorylase (EC 2.7.7.9) as glucose-1-phosphate feeds into mainstream metabolism after conversion into glucose-6-phosphate, a key primary metabolite, by phosphoglucomutase (EC 5.4.2.2). However, on any other carbon source but D-galactose, the last three enzymes of the Leloir catabolic route work in the opposite, anabolic direction to produce the sugar nucleotides UDP-glucose and UDP-galactose from glucose-6-phosphate. ** They are essential, uridylylated monomeric precursors of major fungal cell wall components, like beta-1,3-glucan, alpha-1,3-glucan and galactofuranose-containing glycans (for a review on the fungal cell wall, see [18] ). A parallel anabolic Leloir route produces the uridylylated aminosugars UDP-N-acetylglucosamine and UDP-N-acetylgalactosamine from fructose-6-phosphate, ammonium and acetyl-CoA, using functionally similar phosphomutase, pyrophosphorylase and 4-epimerase activities encoded by other genes (for a review on UDP-N-acetylglucosamine biosynthesis in yeast, see [28] ; for its epimerization to UDP-N-acetylgalactosamine, see [11] ). These aminosugar nucleotides are essential precursors for, among others, the biosynthesis of chitin, chitosan and galactosaminogalactan components of filamentous fungal cell walls.
As part of a community-wide effort to curate, correct and update the automated gene annotation of the Aspergillus nidulans genome sequences [40] , we previously identified the (putative) structural genes of the Leloir pathway of D-galactose metabolism in nine species of Aspergillus [17] . Aspergillus is the sister genus of Penicillium in the family of the Aspergillaceae [22] comprizing several hundred species including fungi widely used in the fermentation industry such as A. niger and A. oryzae, the opportunistic human pathogen A. fumigatus and the genetic model A. nidulans. For the current project, we mined the potential P. chrysogenum functional homologs of those five Aspergillus genes from publicly accessible DNA databases. We report here on their expression profiles on lactose -the main carbohydrate in the profuse dairy residue whey, often used to cultivate P. chrysogenum on industrial scale -and the monosaccharides most abundantly present in plant cell wall biomass, D-galactose, D-glucose, D-xylose and L-arabinose.
MATERIALS AND METHODS

Strain and cultivation conditions
P. chrysogenum NRRL 1951 used in this work was isolated from nature [34] and is the parent strain from which the large majority of industrial penicillin producers have been derived [30] . Minimal Medium (MM) was formulated as described previ-** In 1970, the Argentine biochemist Luis Federico Leloir (1906 Leloir ( -1987 received the Nobel Prize for Chemistry for his discovery of sugar nucleotides and their role in the biosynthesis of carbohydrates.
ously [20] with sodium nitrate as sole nitrogen source. Carbon sources (i.e., sugars or glycerol) were used at concentrations up to 1% (w/v or v/v for glycerol). Supplements were added from sterile stock solutions. Cultures were inoculated with 5 × 10 6 P. chrysogenum conidia per ml of medium. Media inoculated with conidia also contained 0.01% (w/v) peptone while growth media used after transfer of pregrown mycelia was completely synthetic. Shake flask cultures were incubated at 28 °C in 500 mL Erlenmeyer flasks containing 100 ml of medium in a rotary shaker (Infors, Bottmingen, Switzerland) at 200 revolutions per minute (rpm).
Bioreactor cultures (henceforth referred to as fermentations) were inoculated with the harvested and washed mycelial biomass of 200 ml MM/glycerol-grown cultures. Fermentations were carried out as described earlier [24] .
The yield coefficient (Y x/s ) was calculated as the ratio of the maximal concentration of biomass achieved during fermentation and the initial carbon source concentration. Specific growth rates (m; h -1 ) were calculated from the increased dry cell weight during the time lapsed until carbon source exhaustion.
For induction experiments, replacement cultures were used for which mycelia were pregrown for 36 h in minimal medium containing 1% (v/v) glycerol as carbon source, and harvested by filtration on a sintered glass funnel. After a thorough wash with cold sterile water, biomass was transferred to flasks with fresh MM containing the various carbon sources tested. For transcript analysis, samples were taken 4, 8, 12 and 24 h after the transfer of mycelia.
Genomic DNA and total RNA isolation
Mycelia were harvested by filtration over Miracloth (Calbiochem, San Diego, CA, USA) and thoroughly washed with cold sterile distilled water. Excess liquid was removed by squeezing between paper sheets and the biomass was quickly frozen in liquid nitrogen. For nucleic acid isolation, frozen biomass was ground to dry powder using liquid nitrogen-chilled mortar and pestle. Genomic DNA was extracted using NucleoSpin Plant II, whereas total RNA was isolated with NucleoSpin RNA Plant (both kits from Macherey-Nagel, Düren, North Rhine-Westphalia, Germany).
Northern blot analysis
Standard procedures [37] were applied for the quantification, denaturation, gel separation and nylon blotting of total RNA, and the subsequent hybridization of the resultant membranes with gene-specific probes. Agarose gels were charged with 5 mg RNA per slot. Probes were digoxigenin-labeled using the PCR DIG Probe Synthesis Kit primed with gene-specific oligonucleotides (listed in Table 1 ) off P. chrysogenum NRRL 1951 genomic DNA. Gene-specific hybridization was visualized with LumiFilm Chemiluminescent Detection film. All transcript analyses were independently repeated at least twice. 
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Bioinformatics
The first published P. chrysogenum whole genome sequences are from the low penicillin titre strain Wisconsin 54-1255, a direct laboratory descendent of NRRL 1951.
The non-redundant nucleotide (nt/nr) database of the National Center for Biotechnology Information (www.ncbi.nlm.nih.gov) were screened with TBLASTN [2] using Saccharomyces cerevisiae galactokinase, Escherichia coli galactose-1-phosphate uridylyl transferase, A. nidulans UDP-galactose-4-epimerase, UDP-glucose pyrophosphorylase and phosphoglucomutase proteins as queries, and gene models were manually deduced from mined genomic DNA contigs. We found five structural paralogs for UDP-galactose-4-epimerase. All the genes thus obtained were essentially identical to those mined from five other P. chrysogenum strains (including a derivate of the early production strain P2, also in the NRRL 1951 pedigree) whose genome sequences are accessible at NCBI's whole genome shotgun contig (WGS) database.
Galactokinase enzyme assay
Ten ml of culture broth were withdrawn in triplicates from the shake-flasks 10 h and 24 h after transfer of mycelia. After suction filtration, the biomass on the filter was thoroughly washed with 0.1 M sodium phosphate buffer, pH 7.6. The mycelia were then resuspended in 10 ml of the same buffer and homogenized in a precooled PotterElvehjem glass homogenizer in continuation. The fresh cell-free extract was centrifuged at 8.500 × g (5 min, 4 °C), and the supernatant immediately used to assay galactokinase activity. The assay was described earlier in [13, 14] . In short, the concentration of galactose-1-phosphate in a reaction mixture containing 10 mM ATP, 20 mM D-galactose, 10 mM MgSO 4 , and 0.7 ml cell-free extract in a 0.1 M phosphate buffer (pH 7.6) was monitored with time, using High Performance Liquid Chromatography (HPLC) using a calibration curve of the phosphorylated sugar made in the same buffer. For the reader's convenience, Figure 2 shows a typical chromatogram with a clearly separated D-galactose-1-phosphate peak from a realtime sample.
Analytical methods
Mycelial dry cell weight (DCW) was determined from 5 ml culture aliquots. The biomass was harvested and washed on a preweighted glass wool filter by suction filtration, washed with cold tap water and the filter dried at 80 °C until constant weight. Dry weight data reported in the Results section are the average of the two separate measurements, which never deviated more than 14%. D-Galactose was determined by HPLC with a proton exchange column (Bio-Rad Aminex HPX-87H + ; Bio-Rad, Berkeley, CA, USA) using isocratic elution with 10 mM H 2 SO 4 at 55 °C and refractive index detection.
Reproducibility
All the analytical and biochemical data presented are the means of three to five independent experiments (NB. Biological replicates). Data were analyzed and visualized with SigmaPlot software (Jandel Scientific, San Rafael, CA, USA), and for each procedure, standard deviations (SDs) were determined. The significance of changes in biomass and residual D-galactose as well as in galactose-1-phosphate concentrations in the growth medium relative to the control cultures was assessed using Student's t-test with probability (p) values given in the Results section.
Chemicals
Except where specified, chemicals used in this study were of analytical grade and purchased from Sigma-Aldrich Kft. (Budapest, Hungary).
RESULTS
Growth of Penicillium chrysogenum on D-galactose
Conidiospores of several filamentous ascomycete fungi -a notable example is the cell factory Aspergillus niger -cannot germinate on D-galactose as a sole carbon source [15] . On the other hand, mycelia of these species are perfectly able to form new biomass from D-galactose when germinated on other carbon sources. To verify whether the ability of P. chrysogenum to utilize D-galactose as a sole carbon source is growth-stage dependent or not, we inoculated conidiospores in liquid MM with 1.5% D-galactose as the sole carbon source. The fungus germinated in such submerged cultures and grew well on D-galactose, consuming 15 g/L of the sugar in about 40 h (Fig. 3) and achieving a maximal specific growth rate of m max = 0.085 ± 0.006 1/h during the rapid growth phase. Maximal biomass concentration and the yield coefficient calculated from it were X max = 6.73 ± 0.49 g/L and Y x/s = 0.45 ± 0.04, respectively. In a parallel experiment, we germinated conidiospores of P. chrysogenum on glycerol and transferred pregrown mycelia to fresh medium containing D-galactose as a sole carbon source (data not shown). The replacement mode of cultivation resulted in essentially identical kinetic parameters as observed for the above cultures seeded with spore inoculum. In comparison, the respective parameters during submerged growth on D-glucose as a sole carbon source were m max = 0.125 ± 0.01 1/h, X max = 7.54 ± 0.39 g/L and Y x/s = 0.51 ± 0.04. While these values are significantly (p < 0.1%) higher than those obtained for D-galactose, they show that D-galactose should nevertheless be considered a rapidly catabolized ('good') carbon source for P. chrysogenum. We would like to note that the presence of 0.01% peptone (i.e., < 1% of the initial D-galactose concentration) in the otherwise minimal medium considerably shortened the lag period at the onset of the conidiospore-inoculated submerged cultivation from approximately 20 h to approximately 4 h, without significantly affecting the maximal growth rate in the rapid growth phase and regardless the sugar that served as the growth substrate. The phenomenon is likely related to an increased synchronization of the culture caused by the presence of small amounts of certain undefined components in bactopeptone that would effectively stimulate spore germination ( [24] and references therein). In silico identification of the Leloir pathway genes in P. chrysogenum
The finding that P. chrysogenum can complete its (vegetative) life cycle on D-galactose as the sole carbon source suggested that the Leloir pathway is fully operative in the "catabolic" direction. It is not surprising, that in silico analysis revealed that the P. chrysogenum genome indeed specifies putative homologs for each of the five structural genes of this pathway (annotated loci in strain Wisconsin 54-1255 are listed Table 1 ), including ugeA encoding a singular 4-epimerase. This protein is highly similar to the N-terminal domain of the S. cerevisiae Gal10 bifunctional enzyme [27] . The corresponding ugeA gene in A. nidulans was studied previously for its anabolic function in providing the uridylylated galactose monomers for cell wall galactofurans [12] . UDP-hexose 4-epimerases often accept both UDP hexoses and their N-acetylated 2-amino forms as well as UDP-pentoses as their substrate (reviewed by [3] . In A. fumigatus, two structurally related UDP-hexose 4-epimerases were recently shown to be required for the synthesis of the galactosaminogalactan exopolysaccharide content of the fungal cell wall [26] . The weakly expressed A. nidulans gene for the paralog enzyme, ugeB, had been identified in an earlier work [32] . We included its P. chrysogenum ortholog as well as three additional autoannotated epimerase genes structurally related to A. nidulans loci AN0746 and AN3119 [17] in our current study to assess their possible role in Leloir catabolism of D-galactose next to ugeA. The mined P. chrysogenum genes for galactokinase (galE) and galactose-1-phosphate uridylyl transferase (galD) are the orthologs of the A. nidulans genes that are allelic to well-characterized, classically selected galactoseutilization mutations called galE9 and galD5, respectively [1, 35] . Expression studies were performed on D-galactose, the galactopyranose-containing disaccharide lactose and on the latter's other monomeric constituent, D-glucose. Also tested were the two most abundantly present pentoses in plant cell walls, L-arabinose and D-xylose.
All genes mined from the P. chrysogenum genome encoding the five structural enzymes of the Leloir pathway were expressed constitutively on D-galactose, irrespective of the time of sampling (i.e., 4, 8, 12 or 24 h after a medium shift of glycerol-pregrown mycelia; Fig. 4) . For the putative 4-epimerase genes, the expression levels of ugeA appeared consistently considerably higher than those of ugeC. We could not detect transcript for the three other selected putative epimerase genes, ugeB, ugeD and ugeE, neither on D-galactose nor under any other of the tested growth conditions (results not shown). Essentially identical expression profiles were observed in the presence of lactose. Most importantly, however, the expression profiles of the studied genes on D-glucose, L-arabinose and D-xylose were markedly different from those apparent on D-galactose or lactose (Fig. 4) . The genes coding for one of the UDP-D-galactose 4-epimerases (ugeA), the (putative) UDP-D-glucose pyrophosphorylase (galF) and the phosphoglucomutase (pgmA) were all expressed in a similar, principally constitutive fashion on these latter carbon sources, resembling their profiles in the presence of D-galactose or lactose as (sole) growth substrate. Their expression is very likely related to the essential anabolic functions of the Leloir pathway(s) in the synthesis of the fungal cell wall during growth until carbon source exhaustion (see Discussion section). On the contrary, transcripts of the first two genes of the catabolic Leloir pathway (galE and galD) that -in theory -are irrelevant for cell wall synthesis on carbon sources other than D-galactose, could not be observed in our Northern analysis but -very modestly -at the last time point of the D-glucose induction experiment (24 h), by which the growth substrate is completely exhausted (the latter, results not shown). Galactokinase enzyme activity determinations in biomass harvested after 10 and 24 h following medium transfer confirmed these transcript data (Table 2) : very low activity could routinely be measured in D-glucosecultivated biomass 24 h after transfer, while at the earlier time point, only insignifi- Table 2 Specific galactokinase activity of P. chrysogenum NRRL 1951 pre-grown on glycerol and subsequently transferred to a minimal medium containing one of various sugars cant (p < 0.1%) background was detected. Moreover, expression of either galE or galD could not be observed on L-arabinose and D-xylose with Northern analysis at any of the four time points of the transfer cultures of either pentose sugar, while no relevant galactokinase activities could be measured in pentose-cultivated mycelia (Fig. 4 and Table 2 ). Note that, in contrast to the D-glucose transfer, the cultures on the other four sugars were not carbon exhausted 24 h after medium transfer (results not shown). This suggests that the very modest expression of galE and galD observed in the D-glucose cultures 24 h after medium transfer (as certified by our galactokinase assays) is part of a starvation response in which reserve carbohydrate, including D-galactose, is slowly liberated from the cell walls of the fungus. We conclude that the first two steps of the Leloir pathway of D-galactose catabolism are substrate inducible rather than constitutive in P. chrysogenum.
DISCUSSION
A number of Penicillium species including P. chrysogenum produce α-and β-glycosidase-like hydrolytic activities that enable the fungus to release D-galactose from plant cell wall polysaccharides as well as from lactose at rates suitable for applications in the biotech sector [23, 25] . However, the ability of a fungus to release D-galactose does not necessarily determine the rate at which the sugar is catabolized. This is for instance true for lactose utilization in A. nidulans where the uptake of the disaccharide rather than its hydrolysis is the rate limiting [16] . The majority of black Aspergilli, Aspergillus section Nigri, is unable to germinate on D-galactose [15] . However, our current investigation unequivocally demonstrates that P. chrysogenum is capable of using D-galactose as an energy, as well as a carbon source at every stage of growth, including the critical phase of spore germination.
While the role of the Leloir pathway with respect to D-galactose is catabolic, its epimerization into D-glucose before entering mainstream metabolism as glucose-6-phosphate, part of it also functions as an essential anabolic pathway involved in vital areas of the intracellular carbohydrate metabolism, such as the biosynthesis of cell wall components, exopolysaccharides and lipopolysaccharides, for which uridylyl-activated glucose and -galactose are the necessary precursors [18] . In the absence of externally supplied D-galactose, the glucose/galactose Leloir pathway is the sole means to activate these monosaccharide building blocks for anabolic purposes starting from the key glycolytic intermediate glucose-6-phosphate. In A. nidulans, strains carrying allelic mutations at the classical locus pgmA resulting in complete or partial loss of phosphoglucomutase activity have been described to produce wild-type levels of UDP-glucose pyrophosphorylase, further suggesting that they affect only one structural gene [5] . These conditionally-lethal mutants could only grow in the presence of externally supplied D-galactose and an independent carbon source, indirectly demonstrating that the essential uridylylated monosaccharide cell wall precursors are produced uniquely from D-galactose in these strains.
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Of the five uge genes encoding putative nucleoside-diphosphate-sugar 4-epimerases, we found two that were expressed under the conditions tested. The ortholog of the A. nidulans ugeA gene (P. chrysogenum locus Pc21g10370) was always prominently expressed, including in the presence of D-galactose or lactose. ugeC (Pc18g01080; corresponding to A. nidulans locus AN3119) transcript could also be observed regardless of carbon source or culture age, albeit at a considerably lower basal level. However, the ugeC gene appears to respond to L-arabinose as well as to D-glucose in the rapid growth phase (12 h), an expression profile that seems inconsistent with a prominent role in D-galactose catabolism, although we cannot exclude the possibility that extant UgeC protein is accessory to UgeA when catabolizing D-galactose.
In ascomycete filamentous fungi investigated to date, the five designated Leloir pathway genes were always found expressed when assessed by Northern analysis. Basal level expression was also observed for the galactokinase-and galactose-1-P uridylyltransferase encoding genes on carbon sources unrelated to D-galactose metabolism, while their transcript levels appeared to further increase in the presence of direct or indirect substrates of the catabolic Leloir pathway [7, 15, 38, 39] . Our finding that the galactokinase-and galactose-1-P uridylyltransferase encoding genes appeared selectively inducible to high levels by D-galactose and lactose in P. chrysogenum without featuring the basal constitutive expression levels evident in two other fungi commonly employed in the fermentation industry -A. niger and T. reesei -may point towards hitherto unsuspected regulatory mechanisms. The remaining three structural genes of the Leloir pathway, pgmA, galF and ugeA, were expressed constitutively throughout our work, as expected for genes necessary for the synthesis of the essential precursors of the fungal cell wall, UDP-glucose and UDP-galactose.
Finally, we note that besides the Leloir pathway, fungal D-galactose catabolism can proceed via another route, the so-called alternative or oxido-reductive pathway. While the Leloir pathway is essentially ubiquitous in fungi and in the catabolic direction specific for D-galactose, the alternative pathway employs enzymes involved in L-arabinose catabolism up to the phosphorylation of D-xylulose (see [6] , for L-arabinose catabolism in P. chrysogenum). Their involvement in fungal D-galactose utilization was first suggested in [9] , and subsequently evidenced in D-galactokinasedeficient mutants in A. nidulans [14] . This study also showed that the use of the oxido-reductive path is dependent on the nature of the nitrogen source present. D-Galactose oxido-reductive catabolism also occurs in T. reesei [39] and A. niger [29] . However, in the two species of Aspergillus studied to date, the enzymes and intermediates in the route beyond L-arabitol dehydrogenase and its substrate D-galactitol are different [29] . Research is ongoing to see if and how the oxidoreductive pathway operates in P. chrysogenum D-galactose utilization.
